The use of beryllium metal, alloys and its compounds in metallurgy, aerospace, and nuclear installations as well as their emission during the combustion of coal and oil, and the toxicity makes this element a serious environmental hazard. 1, 2 Beryllium is one of the most toxic non-radioactive elements to be found at ultra-trace levels (ng L -1 -sub ng L -1 ) in natural water sources. [3] [4] [5] However, some acidic river water or hotspring water samples have a high beryllium concentration at trace levels (μg L -1 -sub μg L -1 ). 4, 6 Beryllium is an insidious poison with a latent toxicity and prolonged excretion in urine for 10 years of exposure. 7 Although acute and chronic beryllium disease (CBD) occurs mainly by the inhalation of industrial gases and dust, the determination of trace amounts of beryllium in natural water samples is of interest, because it can indicate environmental pollution, and could provide information about the metal uptake through these sources. EPA drinkingwater regulations require that the beryllium levels be maintained below 4 μg L -1 . 8 Chronic beryllium diseases produce scarring of lung tissue. The lung condition may take years (average 10 -15 years) to develop symptoms. 9,10 Because of the seriousness of CBD, the United State Department of Energy (DOE) promulgated in 1999 the CBD preventation program, 10CFR part 850, to protect DOE workers. It requires frequent monitoring of air and possible contaminated surfaces to identify potential health risk;
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Therefore, highly sensitive analytical methods are necessary for the preconcentration and determination of beryllium.
Several instrumental methods for the determination of beryllium by spectrophotometry, [12] [13] [14] [15] spectrofluorometry, [16] [17] [18] atomic absorption spectrometry (AAS), 19 graphite furnace atomic absorption spectrometry (GFAAS), 20 and inductively coupled plasma atomic emission spectrometry (ICP-AES) 21 have been reported. In contrast to the majority of these expensive and sophisticated analysis systems, absorption spectrophotometric methods offer many appealing characteristics, including simple instrumentation, rapid response times and easy operation. These properties are highly desirable to the future design and development of portable analytical devices capable of quickly responding to trace levels of hazardous beryllium content in the field.
Recently, cloud-point extraction (CPE) based on the clouding phenomenon of surfactants over a certain temperature, has become increasingly attractive. As a new separation technique, CPE offers many advantages over traditional liquid-liquid extraction. 22, 23 In addition, CPE can lead to a higher recovery efficiency and a large preconcentration factor because the presence of a surfactant can minimize the losses of analytes due to their adsorption onto the container. The small volume of the surfactant-rich phase obtained with this methodology permits the design of extraction schemes that are simple and cheap, and have lower toxicity than extraction with organic solvents. 24 To carry out the separation and preconcentration of the analyte, a mixed micelle-mediated extraction (mixed-MME) system was used in this study. MME is becoming an important and practical application of the use of surfactants in analytical chemistry. [25] [26] [27] The cloud-point (CP) phenomenon is generally observed in nonionic surfactant micellar solutions when the temperature of the system is raised to a certain value. It was reported that the CP of Triton X-100 increased upon adding small amounts of either cationic surfactant cetyl trimethylammonium bromide (CTAB) or anionic surfactant sodium dodecyl sulfate (SDS). 28 The use of cationic surfactants in combination with a non-ionic surfactant has been documented with an increase in the extraction efficiency of polar organic compounds. 29, 30 Mixed-MME was used in the preconcentration of organic compounds 31 and metal cations. 32, 33 Chrome Azurol S (CAS) and Alberon, a dye in the triphenylmethane series, have carboxylate groups, besides hydroxyl and sulfonate groups (Scheme 1) that react with beryllium to form the anionic complex Be(CAS)2.
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The surfactant can interact with the dye and/or the meta-dye complex as an individual molecule or aggregates. For example, cationic surfactants react by ion-pair formation with the anionic Be(CAS)2 to form a ternary complex formation involving surfactant monomers. 12 In this paper, we describe a rapid, simple, precise and accurate method for the preconcentration and determination of beryllium by spectrophotometry based on cloud-point extraction (CPE) of the complex of beryllium with Chrome Azurol S in water samples using the mixed-MME methodology.
Experimental

Apparatus
A Philips Model PU8750 UV-VIS spectrophotometer connected to an IBM PCS-3 computer with ASY-PU8700 (Ver. 3.1) software to convert absorbance data to the ASCII format with 1-cm quartz cells (0.5 mL) was used for recording the absorbance spectra. All spectral measurements were performed using a blank solution as a reference. A Metller pH meter (Model E603) with a combined glass electrode was used for pH measurements. A Julabo Model F12 water bath with ±0.1˚C temperature control (Germany) and a centrifuge with 10 mL calibrated centrifuge tubes (Superior, Germany) were used to accelerate the phase-separation process.
Reagents
Triply distilled water was used throughout. Surfactants, Triton X-114 and cetyl pyridinium chloride (CPC) (Merck), were used without further purification. A stock solution of beryllium at a concentration of 1000 μg mL buffer of pH 5.0 was prepared by using sodium acetate and hydrochloric acid at appropriate concentrations. All of the reagents used for the interference study were of analyticalreagent grade (Merck). Tetrahyrofuran (THF) solvent was purchased from Merck.
Procedure
An aliquot of a Be(II) ion standard solution was transferred to a 10 mL centrifuge tube; 1.0 mL of a 1.7 × 10 -4 mol L -1 CAS solution, 1.0 mL of buffer acetate (0.020 mol L -1 , pH 5.0), 1.0 mL of 7.0 × 10 -3 mol L -1 EDTA and 1.0 mL of 1.4 × 10 -4 mol L -1 CPC solutions were added. This was followed by the addition of 1.0 mL of a 1.5% (v/v) of Triton X-114 solution. The solution was taken up to the mark with triply distilled water. Subsequently, the solution was shaken and left to stand in a thermostatted water bath for 10 min at 50˚C before centrifugation. Separation of the aqueous and surfactant-rich phases was accelerated by centrifugation for 10 min at 3500 rpm. The mixture was cooled in an ice-salt bath to increase the viscosity of the surfactant-rich phase, and the aqueous phase was easily decanted by simply inverting the tube. The surfactant-rich phase of this procedure was dissolved and diluted with 0.3 mL of THF and transferred to a 0.5-mL quartz cell for an absorbance measurement at 585 nm.
Preparation of water samples
Water samples (tap, mineral and seawater) were filtered using a 0.45 μm pore size membrane filter to remove any suspended particulate matter, and adjusted to approximately pH 2 by adding concentrated HNO3 and stored in a refrigerator in the dark. Aliquots of water (5 mL for tap and mineral water and 0.5 mL seawater) samples were subjected to the cloud-point extraction methodology described above.
Results and Discussion
Chrome Azurol S (CAS) forms a colored complex with Be(II) ion. The presence of a cationic surfactant, such as CTAB or CPC, causes a considerable increase in the sensitivity of the determination of the Be(II) ion. It was observed that using CPC instead of CTAB causes a greater absorbance intensity of the the Be(II)-CAS complex. An increase in the sensitivity of the determination is due to the formation of a ternary complex,
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ANALYTICAL SCIENCES MAY 2007, VOL. 23 Be(II)-CAS-CPC, which has molar absorptivities greater than those of binary complexes (in the absence of a surfactant). We observed that the addition of the neutral surfactant Triton X-114 and heating made the solution turbid; therefore, the ternary complex of Be(II)-CAS-CPC could be extracted by the CPE method. Figure 1 shows the absorption spectrum of the Be(II)-CAS complex (λmax = 565 nm; ε = 1.86 × 10 4 L mol -1 cm -1 ), Be(II)-CAS-CPC ternary complex (λmax = 620 nm; ε = 8.89 × 10 4 L mol -1 cm -1 ) and the Be(II)-CAS-CPC ternary complex after CPE (λmax = 585 nm; ε = 4.12 × 10 5 L mol -1 cm -1 ). The molar absorptivity (ε) is defined as the slope of the calibration graph of the absorbance as a function of the beryllium concentration (mol L -1 ) at the maximum wavelength (λmax). After separation of the surfactant-rich phase, the absorbance of the extracted complex was measured at 585 nm against a reagent blank as the reference.
Optimization of the system
To take full advantage of the procedure, the reagent concentrations and the reaction conditions must be optimized. Various experimental parameters were studied in order to obtain an optimized system. These parameters were optimized by setting all of the parameters to be constant and optimizing one each time. This optimization procedure may not lead to the actual optimum, although it certainly leads to an improvement of the analytical method.
The separation of metal ions by the cloud-point method involves the prior formation of a complex with sufficient hydrophobicity to be extracted into the small volume of the surfactant-rich phase, thus obtaining the desired preconcentration. The extraction efficiency depends on the pH at which complex formation occurs. The effect of the pH on the absorbance of the Be(II)-CAS-CPC system was studied in the range of 1 -10. The results are shown in Fig. 2 . As shown, the absorbance increased by increasing the pH up to 5.0, and decreased at higher pH. Therefore, pH 5.0 was selected as the optimum value.
The effect of the CAS concentration on the extraction and determination of beryllium was investigated in the range of 5.0 × 10 -6 -2.6 × 10 -5 mol L -1 . As Fig. 3 shows, the sensitivity of the method increased by increasing the CAS concentration up to 1.7 × 10 -5 mol L -1 , and remained nearly constant at higher concentrations. Therefore, a concentration of 1.7 × 10 -5 mol L -1 CAS was selected as the optimum.
The effect of the CPC concentration on the absorbance of the Be(II)-CAS-CPC system was studied in the range of 2.0 × 10 -6 -2. of Triton X-114, this surfactant was chosen as the extraction solvent. 35 We observed that the Triton X-114 concentration as a non-ionic surfactant can be effected by the extraction of a complex and the sensitivity of the method. Therefore, the effect of the Triton X-114 concentration on the absorbance of the extracted phase was investigated. The effect of the Triton X-114 concentration on the absorbance of the surfactant-rich phase was studied in the range of 0.05 -0.30% (v/v). As shown in Fig. 5 , the absorbance increased by increasing the Triton X-114 concentration up to 0.15% (v/v), and remained nearly constant at higher concentrations. Therefore, 0.15% (v/v) Triton X-114 was used as the optimum concentration.
The optimal incubation time and the equilibration temperature are necessary to complete the reaction, and to achieve easy phase separation and the preconcentration to be as efficient as possible. The greatest analyte preconcentration factors are thus expected under conditions where the CPE is conducted using equilibration temperatures that are well above the cloud-point temperature of the surfactant. It was desirable to employ the shortest equilibrium time and the lowest possible equilibration temperature, which compromise completion of the reaction and efficient separation of the phases.
The effects of the equilibrium temperature and the incubation time were investigated. As mentioned above, after an evaluation of the incubation time in the range of 3 -30 min, it was kept for 10 min, which is sufficient for completion of the complex reaction and for the clouding process. It was also observed that a temperature of 50˚C is sufficient for the maximum recovery of beryllium.
In general, the centrifugation time hardly ever affects micelle formation, but accelerates the phase separation in the same sense as in conventional separations of a precipitate from its original aqueous environment. Therefore, a centrifugation time of 10 min at 3500 rpm was selected as being optimum, since complete separation occurred for this time and no appreciable improvements were observed for a long time.
Because the surfactant-rich phase was very viscous, THF was added to the surfactant-rich phase after CPE to facilitate its transfer into a spectrophotometric cell. The amount of 0.3 mL THF was chosen to have an appropriate amount of sample for transferring and measuring the sample absorbance. Table 1 summarizes the analytical characteristics of the optimized method, including the regression equation, linear range, limit of detection, reproducibility, preconcentration and improvement factors. The limit of detection, defined as CL = 3Sb/m (where CL, Sb, and m are the limit of detection, standard deviation of the blank, and slope of the calibration equation, respectively), was 0.05 ng mL -1 . Because the amount of beryllium in 10 mL of the sample solution is measured after preconcentration by CPE in a final volume of nearly 0.4 mL (0.1 mL surfactant-rich + 0.3 mL THF), the solution is concentrated by a factor of 25. The improvement factor, defined as the slope ratio of the calibration graph of the CPE method to that the calibration graph without preconcentration, was 15.6.
Analytical characteristics
Selectivity
To study the selectivity of the proposed method, the effect of various ions on the determination of 3.0 ng mL -1 beryllium was tested under the optimum condition. The results are given in Table 2 . The tolerance limit was defined as the concentration of added ion causing less than a ±5% relative error. The studied interferences were those related to the preconcentration step, and the cations that may react with CAS or anions, which may react with the Be(II) ion and decrease the extraction efficiency. Most of the cations can be masked by the addition of EDTA, ascorbic acid and tartaric acid.
Application
In order to evaluate the analytical applicability of the proposed method, it was applied to the determination of beryllium in real water samples. The results are given in Table  3 . The recoveries for the addition of different concentrations of beryllium to water samples are in the range of 97 -103%. The results showed that the proposed method could be successfully applied to the determination of trace amounts of beryllium in water samples.
Conclusions
The proposed method gives a simple, sensitive and low-cost spectrophotometric procedure for the determination of beryllium that can be applied to water samples. The surfactant has been used for the preconcentration of beryllium in water, and thus toxic solvent extraction has been avoided. A comparison of the proposed method with the previously reported methods for the preconcentration and spectrophotometric determination of beryllium indicates that the proposed method is faster and simpler than the existing methods, and that it provides a wider dynamic range, good reproducibility and a lower limit of detection. 4 
